Introduction
Amplitude-modulated multiplexed flow analysis (AMMFA) 1, 2 is an advanced variation of non-segmented continuous flow analyses, where multiplex pieces of information on analytes are derived from modulated signals by fast Fourier transform (FFT). For the modulation, the flow rates of sample solutions to be merged are varied with periodic control signals, each having a different frequency. AMMFA was successfully applied to the spectrophotometric determinations of a food dye, 1 ferrous 1 ions and chloride ions. 2 AMMFA is less susceptible to baseline drift, because the information on the analyte is derived not from the signal value itself but from the amplitude of the signal. 3 However, the axial dispersion of sample in the flow channel damps the amplitude, and thus lowers the sensitivity. In the present study, we introduced air-segmentation strategy, which had been originated by Skeggs, 4 to AMMFA in order to limit the dispersion within each liquid segment separated by air-bubbles. Such effect of air-bubbles had been utilized in monosegmented continuous flow analysis 5 and analogous methods, 6, 7 as reviewed by Zhi. 8 The proposed approach was applied to the determinations of a food dye, phosphate ions and nitrite ions. The air-segmentation was found to be effective for AMMFA, especially at shorter control periods and longer flow path lengths.
Experimental
Flow system Figure 1 shows the schematic diagram of the flow system developed in the present study. A two-channel system (solid lines) was used for the determination of Acid Red S. Air-segmentation is applied to amplitude-modulated multiplexed flow analysis, which we proposed recently. Sample solutions, the flow rates of which are varied periodically, are merged with reagent and/or diluent solution. The merged stream is segmented by air-bubbles and, downstream, its absorbance is measured after deaeration. The analytes in the samples are quantified from the amplitudes of the respective wave components in the absorbance. The proposed method is applied to the determinations of a food dye, phosphate ions and nitrite ions. The air-segmentation is effective for limiting amplitude damping through the axial dispersion, resulting in an improvement in sensitivity. This effect is more pronounced at shorter control periods and longer flow path lengths. 
Determination of analyte
Acid Red S (Amaranth), a food dye, was determined by spectrophotometry at its maximum absorption wavelength (525 nm). The dye was selected because the effect of air-segmentation could be evaluated without taking chemical reactions into consideration.
Phosphate ion was determined by Molybdenum Blue spectrophotometry (ascorbic acid reduction); 9 the coloring reagent was prepared as described in the previous paper. 3 Each sample solution was delivered through the S1 channel, the flow rate of which was varied from 0 to 0.20 cm 3 min -1 with the period of 30 s. The coloring reagent was fed from the S2/R2 channel at the flow rate of 0.25 cm 3 min -1 . Diluent (water) was aspirated from the R1/C channel, while the total flow rate was held constant at 0.5 cm 3 min -1
. Air was introduced to the liquid stream at the flow rate of 0.16 cm 3 min -1 . The mixing coil length, reaction temperature and analytical wavelength were 200 cm, 50 C and 700 nm, respectively.
Nitrite ion was determined by a spectrophotometry based on the coupling of diazotized sulfanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride (NED). 10, 11 Sample solution, water, and coloring reagent solution (aqueous solution containing 40 g dm -3 sulfanilamide, 1 g dm -3 NED, and 0.3 mol dm -3 hydrochloric acid) were delivered through S1, R1/C and S2/R2 channels, respectively. The flow rate of sample solution was varied from 0 to 1.13 cm 3 min -1 with the period of 30 s, whereas those of the reagent solution, merged solution and air were held constant at 1.13, 2.63 and 0.9 cm 3 min -1 , respectively. The mixing coil length, reaction temperature and analytical wavelength were 300 cm, 40 C and 538 nm, respectively. For the simultaneous analysis of two samples, the samples were delivered through S1 and S2/R2 channels. Both flow rates were varied in the range from 0 to 0.75 cm 3 min -1 , but at different periods (30 and 20 s, respectively). The coloring reagent solution was fed from the R1/C channel. Pieces of Pharmed ® tubings with 0.79 mm i.d. were used for P3 and P4; the respective flow rates were kept constant at 2.00 and 1.3 cm 3 min -1 . Reagents of analytical reagent grade purchased from Kanto Chemicals (Tokyo, Japan), Nacalai Tesque (Kyoto, Japan), Wako Pure Chemical Industries (Osaka, Japan) and Tokyo Chemical Industry (Tokyo, Japan) were used without further purification. Zartorius Arium ® 611DI grade deionized water was used throughout.
FFT analysis
The principles of FFT for AMMFA were described in detail elsewhere.
1,2 Briefly, the flow rate of a sample solution is varied in accordance with a periodic control voltage Vc with a sinusoidal wave profile. The sample is merged with reagent and/or carrier solutions, while the total (= sample + reagent and/or carrier) flow rate was held constant. Thus, the merged solution contains amplitude-modulated information on the sample (e.g., analyte concentration). The analytical signal Vd obtained downstream is, therefore, of periodic nature, the period of which is equal to that of Vc. Information of interest can be drawn from the amplitude of the corresponding wave component in Vd through FFT. Multiple determinations are possible by merging multiple samples controlled by Vc's that have different frequencies.
Results and Discussion

Optimization of air-segmentation
Regular segmentation of liquid stream by air-bubbles is desirable to obtain precise results. The manner of air-introduction was, therefore, investigated. For this purpose, the S2/R2 line was removed, and an aqueous solution of Acid Red S (0.15 or 0.3 g dm -3 ) and water were introduced from S1 and R1/C channels, respectively. Air-bubbles were introduced to the detector's flow cell without deaeration. Precision of the segmentation was evaluated from the residence time of each liquid segment in the optical window of the cell.
As for the devices for air-introduction, the peristaltic pump, syringe pump (Kloehn P/N 54022) and HPLC degas unit (Shimadzu DGU-2A; helium supplied from a cylinder was used) were employed. Active feeding by the peristaltic pump rollers was found to give the highest repeatability (RSD: around 5%); RSD obtained with other devices sometimes exceeded 40%. The volumes of air and liquid segments estimated from their residence time in the optical window are ca. 79.5 ± 2.9 (n = 12) and 117.1 ± 1.6 (n = 12) mm 3 at the flow rates of 1.11 (P4) and 1.35 (P3) cm 3 min -1 , respectively. The shape and flow direction of segmenter (T-or Y-shaped polypropylene joint) did not give any significanct differences in the results. The T-shaped joint ). Vc period, 30 s. A, Without air-segmentation; B, with air-segmentation; C, with air-segmentation followed by deaeration.
(AS ONE, VFT106) was, therefore, used as a segmenter and air was introduced from a right angle to the straight liquid stream. Neither the addition of surfactant (0.09% sodium dodecyl sulfate or 0.3% Triton X-100) to the sample nor the introduction of two pinch valves (Takasago Electric PE-0810W, controlled by Omron H5CX timer) that open/close synchronously to the peristaltic pump rollers 12 improved the results; Triton X-100 even hindered deaeration by the porous PTFE tubing. Figure 2 shows typical flow signals for 0.15 g dm -3 Acid Red S with or without air-segmentation. The flow rates of 2.63 and 0.9 cm 3 min -1 were set for the merged solution and for air, respectively; a higher flow rate tended to cause irregular segmentation. The mixing coil length was 5 m. If there were no amplitude damping, Vd should be varied in the range from 0 to a certain value, because the flow rate of the sample was varied in the range from 0 to 0.22 cm 3 min -1 . When air-segmentation was not employed (Fig. 2A) , the amplitude damping in Vd is serious due to the dispersion of sample. When air-bubbles were introduced ( Fig. 2B; without deaeration) , the amplitude of Vd was preserved, as traced out as the envelope of Vd signals, because the bubbles acted as the barriers against the dispersion between liquid segments. Air bubbles caused, however, severe noises around Vd = 0.25 V at the average frequency of ca. 1.35 Hz. The noises could be avoided by deaeration just before the detection at the expense of the amplitude (Fig. 2C) .
Effect of mixing coil length and Vc period
The effect of mixing coil length on the amplitude damping was investigated in the range from 0 to 5 m. The flow rate of 0.3 g dm -3 Acid Red S delivered from S1 channel was varied in the range from 0 to 2.2 cm 3 min -1 with the period of 30 s. Figure 3 shows the relationship between the coil length and damping coefficient. The coefficient is defined as follows,
If there were no dispersion, the coefficient should theoretically be unity. The more pronounced the dispersion, the higher the coefficient is. Without air-segmentation (open circles), the coefficient increased with the mixing coil length. On the other hand, with air-segmentation (closed circles), the damping coefficient was almost constant regardless of the coil length. These results suggest that the introduction of air-bubbles is more effective at longer coil length. It should be noted the air-segmentation caused greater damping compared with non-segmentation when the coil was removed (the coil length was zero; in this case, the length of conduit from the merging point C2 to the detector was ca. 10 cm). This result is reasonable because the circular movement of liquid in each segment promotes mixing.
6,13
The effect of Vc period on the damping coefficient was investigated in the range from 10 to 60 s. The mixing coil length was 3 m. The damping coefficient is plotted against the period in Fig. 4 . The shorter the period, the higher the damping became. That is, when the Vc period became shorter, the concentration gradient in the conduit became greater, resulting in the greater effect of sample dispersion on the damping. The dispersion could be suppressed significantly through the segmentation of the liquid stream by air-bubbles.
Analytical performance
Calibration curves were constructed from five standard solutions sets of Acid Red S (0 -0.48 g dm -3 ), phosphate ion (0 -5.67 mg dm -3 ) and nitrite ion (0 -4 mg dm -3 ). Linear regression lines obtained for these analytes by air-segmented AMMFA (proposed method) and by AMMFA (previous method) 1,2 are summarized in Table 1 . For the analytes examined, air-segmentation were effective for the improvement in the sensitivity, and hence in the limit of detection (LOD (3.3σ) ).
The proposed method was applied to the simultaneous determination of nitrite ion in two samples. The calibration curves for 0 -4 mg dm -3 of nitrite ion in both samples are summarized in Table 2 . Our program automatically set the least common multiple (60 s) of the Vc1 and Vc2 periods (30 and 20 s, respectively) as the FFT window. 1 The amplitudes of the second and the third harmonic wave components in Vd, therefore, correspond to the concentrations of nitrite ions in S1 and S2, respectively. The slope for S1 was larger than that for S2. ). Vc period: 30 s. Open circles, without air-segmentation. Closed circles, with air-segmentation followed by deaeration. Such effect of the control period was discussed in detail in the previous paper. 2 The slope and LOD in Table 2 indicate that the sensitivity was greatly increased through the introduction of air-segmentation. This effect was more pronounced for S2, which was varied by Vc with a shorter period, as discussed in the previous section.
In conclusion, air-segmentation is effective for the improvement in sensitivity of AMMFA; it was increased by a factor of 1.1 -2.7 from that in the previous AMMFA with non-segmentation. The flow rates of S1 and S2 were varied with the periods of 30 and 20 s, respectively. Calibration curves are expressed as A = slope × C + intercept, where A is the amplitude of the second and the third harmonic wave component of Vd for S1 and S2, respectively; C is the concentration of nitrite ion in mg dm -3 .
